Introduction
The mammalian rho subfamily of small GTPases comprises nine proteins (rhoA, B, C, racl and 2, cdc42 and GZSK, rho G and TC10). The first clue to a biological function for rho proteins came from the observation that the bacterial exoenzyme, C3
transferase, which ADP-ribosylates and inactivates rho proteins, causes animal cells to lose their actin Abbreviations used: LPA? lysophosphatidic acid; PDGF, platelet-derived growth factor; PI 3-kinase, phosphatidylinositol 3-kinase. stress fibres and round up [1, 2] . A more precise role for two members of the rho family, rho and rac, has now been defined: both mediate growth-factorinduced changes in the organization of the actin cytos keleton.
The actin cytoskeleton of animal cells maintains cell shape and plays a pivotal role in cell motility, phagocytosis and cytokinesis. Filamentous actin in cells is generally organized into at least three types of structure: (i) actin stress fibres, which are long bundles of actin filaments, can traverse the cell and are linked to the extracellular matrix through Volume 23 integrin receptors and focal adhesions; (ii) a highly compact meshwork of actin filaments is found at the leading edge of cells in lamellipodia and membrane ruffles [3-51; and (iii) short bundles of actin filaments protrude from the surface particularly of motile cells and neuronal growth cones to produce filopodia and microspikes [ 61.
Rho induces the assembly of actin stress fibres and focal adhesions
The organization of the actin cytoskeleton in cells is critically dependent on extracellular growth factors and this is particularly true of Swiss 3T3 cells. Overnight serum starvation of quiescent cells results in loss of actin stress fibres ( Figure 1A ) and focal adhesions [7] . Re-addition of serum [the active constituent of which is lysophosphatidic acid (LPA)] induces the rapid assembly of actin stress fibres and the clustering of a number of proteins to form focal adhesions [7] . This effect of LPA can be completely blocked if serum-starved cells are first microinjected with C3 transferase. Moreover, microinjection of constitutively active rho proteins (V 14rho) completely mimics the effects of LPA ( Figures 1C and lD) , establishing a rho-regulated signal transduction pathway that links the LPA receptor to the assembly of focal adhesions and actin stress fibres [7] .
Rac stimulates actin polymerization to form lamellipodia
Addition of other growth factors to serum-starved Swiss 3T3 cells results in assembly of filamentous actin into a structure quite distinct from rhoinduced actin stress fibres. Platelet-derived growth factor (PDGF), epidermal growth factor (EGF) or insulin stimulates actin polymerization at the plasma membrane and protrusion of the cell surface to produce lamellipodia and membrane ruffles [ 81.
Microinjection of a dominant negative mutant rac protein (N17rac) prior to addition of these growth factors completely inhibits lamellipodia formation, while microinjection of constitutively active rac protein (V12rac) into Swiss 3T3 cells produces lamellipodia in the absence of exogenous factors ( Figure  1B) . Thus a distinct rac-regulated signal transduction pathway exists in Swiss 3T3 cells linking plasma-membrane receptors to the polymerization of actin at the plasma membrane. A later response to microinjection of rac and addition of PDGF and insulin is the formation of new stress fibres. These are inhibited by C3 transferase, whereas the membrane ruffling response is unaffected [8] . This indicates that rac activation leads to rho activation.
Growth-factor signal transduction pathways activating rac and rho
Recently we have been investigating the upstream regulation of rho and rac and in particular the role of known signalling molecules activated by growthfactor receptors. It has been shown that activation of p85/pllO phosphatidylinositol 3-kinase (PI 3-kinase) is required for PDGF-and insulin-stimulated membrane ruffling [9-111. T o define the role of PI 3-kinase in rho and rac signalling pathways we have analysed the effects of the PI 3-kinase inhibitor, wortmannin, on actin changes induced by addition of growth factors or by microinjection of rho and rac proteins. Wortmannin (100 nM) has no effect on actin stress-fibre or focal-adhesion formation induced by LPA, bombesin or microinjected rho protein [ 121. In contrast, wortmannin completely inhibits lamellipodia formation induced by PDGF and insulin, though not by bombesin, phorbol ester or microinjection of activated rac protein [12] . We conclude that PI 3-kinase mediates activation of rac by the PDGF and insulin receptors.
In order to investigate further the mechanism by which LPA activates rho leading to stress-fibre formation, we have used the tyrosine phosphatase inhibitor sodium orthovanadate. We and others find that vanadate (100 pM) strongly stimulates the formation of actin stress fibres but not membrane ruffles in serum-starved Swiss 3T3 cells [12-141. As for LPA, vanadate-stimulated stress fibres are inhibited in cells microinjected with C3 transferase, indicating that a tyrosine kinase activity is required for activation of rho. We have confirmed this using the tyrosine kinase inhibitor, tyrphostin A25
(1 50 pM), which blocks new stress-fibre formation stimulated by LPA and vanadate but not by microinjected rho protein [ 121.
Function of cdc42 in mammalian cells
A third member of the rho family of GTPases, cdc42, has been shown to be essential for bud-site assembly in yeast and is required for polarized cell growth and actin cytoskeleton organization [ 151. We have recently investigated the function of cdc42 in Swiss 3T3 fibroblasts. Microinjection of constitutively active cdc42 into subconfluent Swiss 3T3 cells triggers the formation of filopodia, a third type of actin-based structure found at the cell periphery Figure 2 were co-injected with N17rac and C3 transferase to block the sequential activation of endogenous rac and rho proteins respectively. In the presence of functional endogenous rac activity cdc42 injection leads to the protrusion of filopodia that is accompanied by concerted lamellipodial spreading. In many cases a lamellipodium will grow between two neighbouring filopodia forming a web between two fingers [ 161. 
Conclusions
Rho and rac, two members of the ras-related superfamily of small GTPases, mediate growth-factor signalling pathways that regulate actin assembly in cells. Activation of rho by LPA stimulates the formation of actin stress fibres and focal adhesions and we have shown that LPA activation of rho is mediated by a tyrosine kinase. Activation of rac by PDGF and insulin is mediated by PI 3-kinase and leads to the polymerization of actin in the cell periphery and protrusion of the membrane to form lamellipodia. Cdc42, another member of this family of proteins, triggers the formation of a third type of actin-based structure, filopodia (see model in Figure  3 ). We have additional evidence that these three rho family proteins are linked to one another in a sequential fashion such that activation of cdc42 in Swiss 3T3 cells leads to the activation of rac and then rho [8, 16] . This suggests a molecular model for the co-ordinated control of actin polymerization leading to cell movement.
